The process of osteoclastic bone resorption is complex and regulated at multiple levels. The role of osteoclast (OCL) fusion and motility in bone resorption are unclear, with the movement of OCL on bone largely unexplored. RANKL (also known as TNFSF11) is a potent stimulator of murine osteoclastogenesis, and activin A (ActA) enhances that stimulation in whole bone marrow. ActA treatment does not induce osteoclastogenesis in stroma-free murine bone marrow macrophage cultures (BMM), but rather inhibits RANKL-induced osteoclastogenesis. We hypothesized that ActA and RANKL differentially regulate osteoclastogenesis by modulating OCL precursors and mature OCL migration. Time-lapse video microscopy measured ActA and RANKL effects on BMM and OCL motility and function. ActA completely inhibited RANKLstimulated OCL motility, differentiation and bone resorption, through a mechanism mediated by ActA-dependent changes in SMAD2, AKT1 and inhibitor of nuclear factor kB (IkB) signaling. The potent and dominant inhibitory effect of ActA was associated with decreased OCL lifespan because ActA significantly increased activated caspase-3 in mature OCL and OCL precursors.
INTRODUCTION
Activins, first identified as proteins originating in the gonads and capable of stimulating the secretion of follicle-stimulating hormone from pituitary cell culture (Vale et al., 2004) , have been established as key regulators of many fundamental biological processes, including development, homeostasis, inflammation, and tissue remodeling. Activin A (ActA), a homodimer composed of bAbA subunits (also known as INHBA), exerts stimulatory effects on several hematopoietic cell lineages, including erythroid (Yu et al., 1987) , megakaryocyte (Fujimoto et al., 1991; Okafuji et al., 1995) and granulocyte-macrophage cells (Broxmeyer et al., 1988; Moore et al., 1991) as well as on cells of the monocyte and macrophage lineage (Fuller et al., 2000; Gaddy-Kurten et al., 2002; Perrien et al., 2006; Yamada et al., 1992) that are responsible for the differentiation of bone-resorbing osteoclasts (OCLs). Indeed, we and others have demonstrated that Activin bA subunit mRNA (Yu et al., 1994) and protein (Gaddy-Kurten et al., 2002) is locally produced in bone marrow, and, like TGFb (Bonewald and Mundy, 1990) and bone morphogenetic proteins (BMPs) (Wozney, 1992) , ActA is abundantly localized in the bone matrix where it has the capacity to be released during the process of bone resorption (Ogawa et al., 1992) .
In addition to storage in the bone matrix, ActA is an endogenous growth factor produced during ex vivo bone marrow cell osteoblast development, where it has the ability to enhance the formation of both bone forming osteoblasts and bone resorbing OCLs (Fuller et al., 2000; Gaddy-Kurten et al., 2002; Nicks et al., 2009; Silbermann et al., 2014 ). This appears to be the case in humans, and several investigators have suggested an important role for ActA in the fundamental process of bone remodeling (Pearsall et al., 2008; Teitelbaum and Ross, 2003) , which is responsible for the maintenance of skeletal integrity (Suva et al., 2011) .
OCLs are giant multinucleated bone-resorbing cells derived from mononuclear monocyte and macrophage precursors that require two essential cytokines for survival and differentiation; receptor activator of nuclear factor kB (NF-kB) ligand (RANKL, also known as TNFSF11) and macrophage colony-stimulating factor (MCSF) (Teitelbaum, 1993; Teitelbaum and Ross, 2003) . Both cytokines are produced by resident bone cells of stromal origin such as osteoblasts and osteocytes (Nakashima et al., 2011; Xiong et al., 2011) . In addition to RANKL and MCSF, cell movement is essential for OCL precursor cell fusion, OCL formation and eventual bone resorption (Faccio et al., 2003) . In fact, multi-nucleation is considered to be crucial for the unique ability of OCLs to resorb bone matrix; yet the mechanism(s) of OCL motility and fusion are poorly defined (Novack and Teitelbaum, 2008; Sun et al., 2007; Teitelbaum and Ross, 2003) .
However, whether ActA effects on OCL differentiation and bone resorbing activity occur through direct or indirect actions on OCL precursors have not yet been fully elucidated. OCL differentiation has been shown to be regulated by ActA treatment, although these actions are reported as being either stimulatory or inhibitory, depending on the source of osteoclast precursors (Gaddy-Kurten et al., 2002; Sugatani et al., 2003) . The ambiguity became even more perplexing with the somewhat surprising observation that a soluble activin receptor type IIA fusion protein (ACE-011), which effectively abolishes all ActA signaling, increases bone mass through both anabolic and antiresorptive effects in vivo. This finding suggested an even more crucial role for ActA signaling in bone resorption and bone remodeling (Lotinun et al., 2010) .
Given that the mechanism(s) by which ActA functions during RANKL-mediated OCL formation are unclear, we hypothesized that ActA impacts OCL development at multiple stages. In this study, we determined the effects of ActA on OCL fusion, formation, motility and lifespan, using isolated and expanded murine bone marrow macrophages (mBMMs) as OCL precursors. These studies demonstrated that ActA significantly suppressed the fusion, differentiation and motility of these cells through activation of SMAD2, AKT1 and inhibitor of NF-kB (IkB) signaling. In addition, treatment of mature RANKL-differentiated OCLs with ActA significantly decreased osteoclast multinucleation and lifespan. The decreased lifespan was the result of an ActA-mediated stimulation of apoptosis that contributed to the significantly decreased bone resorption observed. These findings implicate ActA as a potent local regulator of OCL development and activity that is synthesized and stored in the bone microenvironment and is dominant over the action of RANKL, thereby providing a level of fine control to balance rates of bone resorption and remodeling.
RESULTS
ActA exerts distinct effects on osteoclast differentiation in whole bone marrow cultures and enriched osteoclast progenitor cultures
Our previous findings have demonstrated that ActA enhances 1,25(OH) 2 VitaminD3-stimulated OCL differentiation in whole murine bone marrow cultures (Gaddy-Kurten et al., 2002) . To determine whether the pro-osteoclastogenic ActA effect was independent of stromal cells, the effects of ActA on whole murine bone marrow cultures were compared with ActA effects on an enriched population of murine stroma-free bone-marrow-derived macrophages (mBMMs) from the same mice. In ex vivo bone marrow cultures the effects of ActA alone, and in combination with RANKL, on tartrate-resistant acid-phosphatase-positive Fig. 1 . ActA exerts opposing effects on osteoclast differentiation in whole bone marrow cultures and enriched osteoclast progenitor cultures. (A) Murine bone marrow cells were cultured towards osteoclasts with MCSF alone (20 ng/ml) or in the presence of RANKL (50 ng/ml), ActA (50 ng/ml), or RANKL plus ActA. Cultures were harvested on day 10 and stained for TRAP. The graph shows the mean6s.d. number of TRAP+ MNCs per well from at least three triplicate wells per treatment and two independent experiments. Different letters indicate significantly different groups (P,0.05). Representative 406 photomicrographs indicate red TRAP-stained MNCs in each given treatment. (B) Stroma-free murine bone marrow macrophages (BMMs) were isolated. Cells were cultured toward osteoclasts at 2610 4 cells/well as above for 5 days. The graph shows the mean6s.d. number of TRAP+ MNCs per well from at least three triplicate wells per treatment and two independent experiments. Different letters indicate significantly different groups (P,0.05). Representative 206 photomicrographs indicate red TRAP-stained MNCs in each given treatment. (C) mBMMs were expanded in culture for 3 days prior to plating in the presence of treatments as above for 1-4 days. Cell proliferation was determined by an MTT assay. Each data point represents normalized mean value 6 s.d. in triplicate wells from duplicate experiments. Proliferation was normalized to the daily basal control level (MCSF alone). Different letters indicate significantly different groups (P,0.05).
(TRAP+) multinucleated cell formation were determined (Fig. 1A) . Similar to what we and others have previously reported, exogenous ActA, alone and in combination with RANKL (50 ng/ml), stimulated osteoclastogenesis in whole bone marrow cultures (Fuller et al., 2000; Gaddy-Kurten et al., 2002; Sugatani et al., 2003) . However, when stroma-free mBMMs selected and expanded from the same population were treated with ActA, alone and in combination with RANKL, a significant and robust decrease in osteoclastogenesis was observed after 5 days in culture (Fig. 1B) . The suppressive effect of ActA was not due to decreased proliferation, as there were no significant differences in proliferation of cells treated with RANKL with or without ActA on days 1-4 (Fig. 1C) . The striking differences in ActA effects in whole bone marrow and stroma-free mBMM cultures suggested that the stimulatory effects of ActA in whole bone marrow cultures (Gaddy-Kurten et al., 2002) and in other stroma-containing BMM cultures (Fuller et al., 2000; Sugatani et al., 2003) are indirect and likely mediated by other, non-macrophage cells. Therefore, mBMMs were utilized for the subsequent experiments to determine the effects of ActA on isolated osteoclast precursor cells and differentiation down the osteoclast lineage.
Activin A decreases the motility of mBMM precursors
ActA and other TGFb family members have been shown to modulate the motility and migration of various cell types including mast cell progenitors and dendritic cells (Pilkington et al., 2001; Salogni et al., 2009) . Indeed, osteoclast precursor motility is required for cell-cell interaction, leading to subsequent differentiation and fusion (Fujita et al., 2012; Oursler, 2010) . We therefore investigated whether ActA altered pre-osteoclast motility using time-lapse video microscopy of OCL precursors plated on both plastic and bovine bone. The 4-hour movements of ten individual motile pre-OCLs plated on plastic were tracked and analyzed throughout the course of OCL differentiation. The tracks of ten individual cells in one field on day 2 are shown in Fig. 2A , and the ten cell tracks superimposed on a Cartesian plane with the origin normalized to zero in Fig. 2B . From the quantitative analysis of the tracks from four independent experiments, it is evident that RANKL significantly stimulated the cumulative motility of pre-OCLs. This robust effect appeared to peak on days 2 and 3 of culture (Fig. 3A) . Interestingly, ActA treatment significantly decreased the motility of pre-osteoclasts throughout differentiation compared to cells on plastic stimulated with MCSF or both MCSF and RANKL (Fig. 3A) .
To confirm these observations on the physiologic substrate, mBMMs were transduced with GFP-actin and seeded onto bovine cortical bone slices. As others have shown, transduced cells plated on bone were delayed in their differentiation, requiring ,8 days to become mature TRAP+ multinucleated cells (MNCs) (Zhou et al., 2006) . As expected, RANKL treatment significantly increased motility throughout the time course of OCL maturation (Fig. 3B ). In addition, the inhibitory effect of ActA over the RANKL stimulation of motility was also observed (Fig. 3B ). These data demonstrate a dominant effect of ActA over RANKL stimulation of pre-OCL motility.
Activin A suppresses mature osteoclasts
Previous reports have demonstrated effects of ActA on the differentiation of OCLs from a variety of precursor populations (Fuller et al., 2000; Murase et al., 2001; Sugatani et al., 2003) ; however, the effect of ActA on mature OCLs has not been reported. To determine whether ActA exerted effects on mature OCLs, we expanded and differentiated mBMMs to multinucleated TRAP+ cell maturity with both MCSF and RANKL (20 ng/ml + 50 ng/ml) for 5 days, prior to treatment with MCSF and ActA (50 ng/ml) alone or in the presence of RANKL (50 ng/ml) for an additional 24-48 hours (Fig. 4A ). After treatment, cells were fixed and TRAP stained, and the number of TRAP+ MNCs with 3-5 nuclei, 6-10 nuclei or .10 nuclei per cell were counted. After 24 hours, ActA, alone or in combination with RANKL, significantly decreased the total number of TRAP+ MNCs and the number of large (10+ nuclei) OCLs (Fig. 4B,D) . Although the total number of OCLs decreased significantly after 48 hours of treatment with RANKL, the ActA-mediated decrease was more rapid than with RANKL alone (Fig. 4C,D ). These data demonstrate that ActA treatment of mature OCLs significantly decreased OCL number as well as the number of nuclei per OCL, and that the ActA action is dominant over RANKL.
Activin A in combination with RANKL induces cleavage of caspase-3 in mature OCLs and precursors Given that mature OCLs were not maintained by ActA treatment (Fig. 4) , and in combination with RANKL, ActA decreased the total number of OCLs (Fig. 4D) , we next examined whether ActA stimulated the apoptosis of mature OCLs. Previous reports have suggested that TGFb and ActA are capable of inducing apoptosis in cells of the hematopoietic lineage (Valderrama-Carvajal et al., 2002) , so the effect of ActA treatment on the apoptosis of mature OCL was determined. During the initiation of apoptosis, caspase-3 must be cleaved . Therefore, an antibody specific for cleaved caspase-3 was used for the immunofluorescence analysis of mature OCLs treated with ActA, RANKL or both for 24 hours and the extent of OCL apoptosis determined (Fig. 5 ). Specific caspase-3 immunofluorescence (green stain in Fig. 5A ) demonstrated that 24 hours of RANKL plus ActA treatment caused a significant increase in the number of mature multinucleated OCLs that were positive for cleaved caspase-3 ( Fig. 5B ) compared to treatment with RANKL alone. Phalloidin staining of the same cells showed that there was substantial actin ring assembly in the RANKL-treated cells (red stain in Fig. 5A ). However, when mature OCLs were treated with ActA (50 ng/ml) for 24 hours, the cells appeared disorganized and had few, if any, assembled actin rings (Fig. 5A ). In addition, mononuclear cells in the cultures were also positive for cleaved caspase-3 (Fig. 5C ). Interestingly, ActA significantly increased the number of mononuclear cells positive for cleaved caspase-3 (Fig. 5A , green), which was further increased in the presence of combined treatment with ActA plus RANKL (Fig. 5C ). Taken together, these data demonstrate that ActA significantly enhances apoptosis of both mature multinucleated OCL, and their mononuclear OCL precursors, as measured by cleaved caspase-3. These data suggest that ActA treatment diminishes the mononuclear precursor population prior to fusion, providing an additional mechanism whereby ActA can further suppress the formation of mature boneresorbing OCLs.
Activin A inhibits OCL resorption pit size and number, as well as Cathepsin K (CatK) secretion
To determine whether ActA treatment decreased mature OCLmediated bone resorption, functional measurements of OCL activity were employed (Cremasco et al., 2012) . First, mature OCLs were treated with combinations of RANKL and ActA in the presence of bovine bone powder. After 24, 48, and 72 hours, conditioned medium was collected and total cell lysate isolated from each treatment. Protein content was quantified and immunoblotted to determine the amount of cathepsin K (CatK) expression. CatK is an osteoclast-specific enzyme absolutely required for the enzymatic digestion of bone matrix (Rieman et al., 2001) . Secreted CatK (CM CatK) and the total cell lysate CatK (TCL CatK) were measured ( Fig. 6A,B) . The secretion and accumulation of CatK in conditioned medium was significantly increased after 48 and 72 hours of RANKL treatment (Fig. 6A,B) . ActA in combination with RANKL significantly suppressed the RANKL-stimulated accumulation of CatK in conditioned medium, suggesting that ActA suppressed the ability of mature OCLs to actively secrete CatK in the presence of bone matrix. To determine whether ActA suppressed bone resorption per se, mBMMs were cultured and differentiated into OCL on dentine discs for 5 days in MCSF plus RANKL, and then treated for 24 hours with MCSF plus RANKL in the presence or absence of ActA before fixation and TRAP staining and quantification of the TRAP+ MNCs. ActA significantly suppressed TRAP+ MNC formation within 24 hours (Fig. 7A) , as it did when cells were grown on plastic (Fig. 1B) . Dentine slices were cleaned of cells and resorption pit area determined. Indeed, ActA treatment significantly decreased the RANKL-stimulated resorption pit area ( Fig. 7B ) and the number of RANKL-stimulated resorption trails (Fig. 7C ). Taken together, these data suggest that the inhibitory effect of ActA is dominant over the pro-resorptive activity of RANKL. In addition, ActA significantly impairs the ability of mature OCL to secrete the enzymes required for matrix degradation, leading to decreased resorptive capacity.
ActA stimulates SMAD2 phosphorylation, AKT1 activation, and increases IkBa levels in mature osteoclasts
To determine the potential mechanisms through which ActA suppressed RANKL-stimulated osteoclastogenesis, whole-cell lysates were prepared from 2 day OCL precursor cultures or from 5 day mature OCL cultures. BMMs were expanded as described in the Materials and Methods prior to culture in MCSF plus RANKL for 2 days or 5 days. Cells were serum starved prior to a short-term treatment of 5-30 minutes (Fig. 8A,B) with MCSF, MCSF plus RANKL, MCSF plus ActA or all three reagents combined. ActA signals through both SMAD-dependent and SMAD-independent pathways, including the activation of AKT1 (Do et al., 2008) . Therefore, immunoblot analysis was performed to determine the effects of ActA on SMAD2 Fig. 3 . ActA decreases mBMM precursor motility. mBMMs were plated on plastic (A) or bone (B) in the presence of 20 ng/ml MCSF alone or 50 ng/ ml ActA, 50 ng/ml RANKL or RANKL plus ActA. (A) 1.5610 5 BMMs were plated onto 35-mm culture dishes. Cells were imaged at 37˚C and at 5% CO 2 in air perfusion under phase-contrast using a 106 objective, and images were collected at 60 images/hour on days 1-4. At each time point, the mean cumulative track length (microns) was measured for 10 individual cells per treatment, over 5 independent experiments, 50 cells total. Error bars are s.d. (B) 1.5610 5 GFP-actin-transduced mBMM cells were plated onto 35-mm culture dishes containing bovine cortical bone slices and imaged over 8 days. Cells were imaged as in panel A but on days 1-2 (mononucleated OCL precursors), days 4-6 (mono-, bi-, and multinucleated cells) and day 8 (multinucleated mature OCL). Prior to cell treatment, maintenance medium was removed and replaced with medium containing 0.5% serum for 3 hours before time-lapse video microscopy. At each time point, the average cumulative track length was measured (mm) for ten individual cells per treatment, over two independent experiments (20 cells total). Error bars are s.d. *P,0.05 compared with MCSF alone.
phosphorylation and the activation of AKT1 through phosphorylation of Ser473. As expected, both day 2 OCL precursors and day 5 mature OCL demonstrated ActA-dependent SMAD2 phosphorylation, in the presence or absence of RANKL (Fig. 8A) . However, although OCL precursors did not respond to ActA or RANKL treatment with respect to altered AKT1 activation, 50 ng/ml ActA treatment of mature OCL (day 5) increased P-AKT1 at Ser473 (Fig. 8B) . Increased phosphorylated AKT1 (p-AKT1) was observed following ActA treatment alone or in the presence of RANKL within 5 minutes, and was maintained with ActA plus RANKL for up to 30 minutes of treatment. Thus, although the suppressive effects of ActA on OCL precursors are independent of AKT1 activation, phosphorylation of AKT1 in mature OCL is likely involved in the suppressive effects of ActA on other end points of OCL action.
Finally, to determine the involvement of the NF-kB-IkBa pathway, a more sustained time-course experiment was performed. The activation of NF-kB is well documented for RANKL during OCL differentiation, and ActA has been shown to enhance its activation in more heterogeneous cultures of OCL precursors (Sugatani et al., 2003) . Although ActA did not alter RANKLstimulated NF-kB phosphorylation during the shorter term mature OCL time course in our more stroma-free BMM cultures (data not shown), ActA alone or in the presence of RANKL increased total IkBa protein levels at 3 hours and at 24 hours compared with RANKL treatment alone (Fig. 8C ). These data demonstrate that ActA can suppress RANKL-stimulated NF-kB-dependent actions through its stimulation of negative feedback of the NFkB pathway. Increased levels of the NFkB inhibitor IkBa drives reformation of the NFkB-IkBa complex and diminished activity, thereby providing a mechanism by which RANKL-dependent actions on mature OCL motility, resorption and survival might be inhibited by ActA.
DISCUSSION
The current study investigated the effect of ActA on OCL differentiation and motility, and provides the first evidence that ActA regulates the activity and lifespan of both OCL precursors and mature OCLs. Unlike whole marrow cultures, in which ActA is a potent pro-osteoclastogenic agent (Fuller et al., 2000; GaddyKurten et al., 2002; Silbermann et al., 2014) , in stroma-free mBMM ActA was not pro-osteoclastogenic. Instead, when ActA and RANKL were added in combination, there was a significant and dominant ActA inhibitory effect over RANKL on day 5.
The motility of bone marrow macrophages is necessary for cell recruitment to bone-remodeling units (BMUs) and is mediated by various chemotactic responses that remain largely unknown (reviewed in Novack and Faccio, 2011) . Bone matrix proteins, Ca 2+ gradients and chemotaxis have been suggested as being responsible for the movement of OCL precursors out of blood vessels and toward the BMUs. TGFb family members, including BMPs and ActA are stored in the bone matrix and their release is coupled to OCL movement and bone resorption (Pilkington et al., 2001; Sakai et al., 2000a) . Indeed, Fuller and colleagues have demonstrated that TGFb enhances the osteoclastogenic activity of RANKL, raising interest in the role of other family members in this process (Fuller et al., 2000) . Thus, the idea was tested that ActA (stored in bone matrix or released from cells in the bone microenvironment) (Glowacki and Lian, 1987; Gonzalo et al., 2010; Ishii et al., 2010; Malone et al., 1982) regulates the osteoclast forming potential of precursor cells as they are recruited and migrate towards future sites of bone resorption, as demonstrated for TGFb (Pilkington et al., 2001; Sakai et al., 2000b) .
Our findings suggest that the effects of ActA on the OCL might be to regulate cell motility and limit lifespan, thereby providing an additional autocrine or paracrine level of control to limit the extent of OCL differentiation and/or bone resorption. To test this idea, the effect of ActA, alone and in combination with RANKL, on both pre-OCL and OCL motility was evaluated. Stroma-free mBMM were plated either on plastic or bovine bone and induced to differentiate with MCSF and RANKL. Although baseline MCSF-induced cell motility and migration did not change throughout the time-course, the maximal stimulatory effect of RANKL was observed on days 2-3, and decreased thereafter prior to cell fusion and terminal differentiation. These data indicate that the motile responses of OCL precursors are more sensitive to RANKL than mature OCLs, suggesting that increased progenitor motility precedes the induction of cell fusion. Strikingly, ActA, alone and in the presence of effective doses of RANKL, was capable of suppressing both pre-OCL and mature OCL motility, indicative of a previously unknown and dominant-negative effect of ActA over RANKL-stimulated OCL motility.
To confirm these observations on a relevant biological substrate, mBMMs were virally transduced with GFP-actin and seeded on bovine cortical bone slices. As others have shown (Izawa et al., 2012) , bone adherent and transduced mBMMs differentiated into mature OCLs after 8 days of RANKL treatment. Although cells seeded on bone slices had significantly diminished motility compared to cells tracked on plastic, the pattern of stimulation with RANKL and the significant dominant suppression by ActA was sustained. We confirmed that transducing the OCL with GFP-actin did not impair OCL motility, as the measured responses were similar to treatment of GFP-actin-transduced cells plated on plastic (data not shown). This Fig. 7 . ActA inhibits osteoclastogenesis and bone resorption. Mature murine osteoclasts (day 10) were cultured on dentine slices in the presence of MCSF alone (20 ng/ml), or in combination with RANKL (50 ng/ml) and ActA (50 ng/ml) for an additional 24 hours. (A) TRAP+ MNCs per treatment on bone slices. Each bar represents the mean6s.d. from triplicate wells from two independent experiments. Different letters indicate significantly different groups (P,0.05). (B) Osteoclast resorption pit area as the percentage resorption area of the total area. Different letters indicate significantly different groups (P,0.05). (C) Representative 206 images of dentine slices on which resorption measurements were taken in panel B for each treatment. Asterisks indicate resorption pits with limited resorption trails. Example resorption trails are outlined in black, with diamonds located within the individual trail. Scale bars: 100 mm. Fig. 8 . ActA stimulates SMAD2 phosphorylation, AKT1 activation and increases IkBa levels in mature osteoclasts. (A,B) Stroma-free BMM OCL precursors cultured in the presence of MCSF and RANKL for 2 or 5 days. Cells were serum starved for 6 hours prior to stimulation with MCSF alone (20 ng/ml), or in combination with RANKL (50 ng/ml) and ActA (50 ng/ml) for the time points shown. Whole-cell lysates (50 mg) were analyzed by SDS-PAGE and immunoblotted for P-Smad2 (A) or 60 kDa phosphorylated AKT1 (P-AKT) at Ser473 and compared with total AKT (B). (C). Stroma-free BMMs were cultured on bone powder for 5 days in the presence of MCSF plus RANKL and serum starved for 6 hours (t50). Cells were stimulated for 3 hours or 24 hours with MCSF (M), MCSF plus RANKL (M+RL), MCSF plus ActA (M+A), or MCSF, RANKL and ActA (M+R+A) together. Total cell lysates (50 mg) were analyzed by SDS-PAGE and immunoblotted for total IkBa. IkBa was quantified using the LI-COR Odyssey system prior to stripping and reprobing the blot with antibody against btubulin. Quantification of b-tubulin was used to normalize for lane loading and to determine changes in total IkBa protein content in each treatment.
suggests that the cells respond similarly to ActA and RANKL independent of substrate, with respect to the regulation of motility.
Studies are ongoing to better elucidate the molecular targets of ActA-induced motility suppression, as well as other ActA end points. Our data suggest that although the effects of ActA might be mediated in part through SMAD2 phosphorylation on day 2 and day 5, activation of AKT1 through phosphorylation at Ser473 contributes to the ActA-dependent suppression of mature OCLs (day 5), but not day 2 precursors. Interestingly, the effect of ActA on later stage OCLs is to increase the levels of the NF-kB inhibitor IkB, which is not observed in cells treated with RANKL and ActA for 2 days. These results lead to the conclusion that ActA is a potent local regulator of OCL development and bone resorption, whose action is mediated, at least in part, by changes in SMAD2, AKT1 and IkB signaling.
The finding that ActA suppressed the motility of OCL precursors suggested that ActA might also suppress cell fusion during the multi-nucleation phase of murine osteoclastogenesis. Therefore, mBMMs were treated with MCSF and RANKL for 5 days, and the mature OCL treated with ActA (with and without RANKL) for an additional 24-48 hours. ActA treatment significantly decreased total OCL number as well as the number of nuclei per OCL, either alone or in combination with RANKL. These data demonstrate that ActA is not an OCL survival factor, but when administered in combination with RANKL, ActA significantly inhibits RANKL-induced OCL maturation, survival and fusion. Given that ActA has been shown to regulate the lifespan of other hematopoietic cell types (Lee and Kim, 2009; Valderrama-Carvajal et al., 2002) , the specific effects of ActA on the survival of mature OCL and their precursors was also examined.
Predominantly, two pathways have been shown to contribute to apoptosis in OCLs: (1) activation of membrane death receptors, and (2) a mitochondrial-initiated pathway (Houde et al., 2009; McManus et al., 2012) . The initiation of apoptosis involves initiator caspases (e.g. caspase-3) that can be activated through cleavage by either extrinsic extracellular stimulation, or intrinsic mitochondrial cytochrome c release (Cory and Adams, 2002; Jin and El-Deiry, 2005; Saelens et al., 2004) . In this study immunofluorescence of cleaved caspase-3 suggested that RANKL or MCSF have little impact on mature OCL survival on day 6. Day 5 treatment with ActA for 24 hours significantly inhibited basal MNC caspase-3 cleavage; however, the combined treatment with ActA plus RANKL caused a significant increase in caspase-3 cleavage, demonstrating activation of apoptosis in mature OCLs.
When the number of cleaved caspase-3 positive mononuclear cells was determined in the same 6-day cultures, MCSF and RANKL had little effect on apoptosis, given that the number of mononuclear OCL precursors was low. However, ActA had pronounced and significant pro-apoptotic effects on OCL precursors, suggesting cell-type specific ActA actions even in mBMM populations. ActA treatment increased the number of mononuclear cells that were positive for cleaved caspase-3 by twofold over MCSF alone, which was the opposite effect of ActA on mature OCLs. However, combined treatment with MCSF, RANKL and ActA for 24 hours induced a striking and significant tenfold increase in the number of mononuclear cells that were positive for caspase-3. Thus, ActA alone diminishes the OCL precursor population, as well as serving to limit continued RANKL-induced differentiation of OCLs and the maintenance of mature multinucleated OCLs. Interestingly, TGFb and ActA have been shown to induce apoptosis in other cells of hematopoietic origin by regulating the expression of the inositol phosphate SHIP [Src homology 2 (SH2) domain-containing 59 inositol phosphatase] (Valderrama-Carvajal et al., 2002) . It is interesting to speculate that this pathway of phospholipid metabolism might also be linked to the ActA-induced apoptosis observed here.
The time course of OCL fusion, differentiation and apoptosis is extremely interesting and worthy of continued study. Indeed, during the course of the studies described herein, imaging of living OCLs using video microscopy revealed several characteristics of the life and death of these cells (supplementary material Movie 1). OCLs were imaged after 5 days of RANKL plus MCSF differentiation and at 10-minute intervals for 24 hours using a 106 objective. Several notable dynamic cellular structures were apparent in both multinucleated and mononucleated cells. The MNCs show distinct morphologies, with nuclei at either the cell periphery or condensed with centralized nuclei. Within 3 hours, ongoing fusion events were observed between mononuclear and multinuclear cells. In addition, some multinucleated cells begin to shrink at 6 hours and appeared apoptotic between 9 and 12 hours with condensing nuclei and loss of cellular contents. The dramatic changes in the membrane of the cells throughout the imaging time course visually support a potentially critical role of phospholipid metabolism that we are currently pursuing.
Finally, the effect of ActA on the ability of the mature OCLs to perform their primary function, namely bone resorption, was investigated. Consistent with the dominant inhibitory effects of ActA on RANKL-induced OCL motility, formation and apoptosis, ActA significantly inhibited CatK secretion. Furthermore, ActA significantly decreased OCL-mediated bone resorption as measured by pit formation. Taken together, these data suggest that following ActA treatment, OCLs become largely disorganized, reorganize their substantial membrane and undergo apoptosis, culminating in functional impairment and decreased bone resorption. In addition, the data demonstrate the dominant-negative activity of ActA over all reported RANKLmediated pro-OCL activity.
More than a decade ago, we suggested that ActA could stimulate osteoclastogenesis in ex vivo murine bone marrow cultures (Gaddy-Kurten et al., 2002) . Several reports, using a variety of culture models, have confirmed that ActA can not only stimulate and enhance, (Murase et al., 2001; Sugatani et al., 2003) but might be an essential co-factor for osteoclastogenesis (Fuller et al., 2000) . In the current study, although these observations in bone marrow cultures were replicated, a very different scenario was observed in isolated stroma-free mBMM cultures. In these cells, ActA potently inhibited RANKL-induced OCL formation, motility, activity and lifespan. In total, these data suggest that in mBMM ActA is a potent negative regulator of OCL development, lifespan, fusion and bone resorption. These findings are in contrast to work of Sugatani et al. (Sugatani et al., 2003) and Murase et al. (Murase et al., 2001) , who demonstrated that ActA enhanced RANKL-induced osteoclastogenesis in heterogeneous cultures of mouse bone marrow cells (Murase et al., 2001 ). There are multiple potential explanations for this apparent discrepancy, but the two most likely possibilities are either differences in the expansion and/or enrichment purity of pre-osteoclast populations, or differences in the concentrations of reagents used or both. In our case, the isolated BMM cell population is stroma-free and absolutely required exogenous RANKL for OCL formation, as indicated by the complete lack of TRAP+ MNCs in the absence of RANKL. Thus, our starting population of mBMMs is comprised almost entirely of RANK-expressing monocyte OCL precursors, with little or no contributions from any contaminating stromal cells. As demonstrated here, and as reported by others (Sugatani et al., 2003) , culture expansion parameters appear to be extremely important (Arai et al., 2012) .
Perhaps most importantly, our data provide a compelling argument for continued studies into the mechanism of action of ActA on OCLs, as well as suggesting that the pool and phenotype of the available osteoclast precursors in murine bone marrow might be even larger than first thought (Jacquin et al., 2006; Lorenzo, 2003) . With the clinical development of activin receptor antagonists ongoing (Lotinun et al., 2012) , these results directly question current thinking regarding ActA action in the skeleton, and provide overwhelming evidence that ActA suppresses a variety of fundamental OCL functions, suggesting a promising avenue for the treatment of pathological bone loss. Given that the machinery of OCL fusion and motility is inhibited by anticatabolic drugs, a more complete understanding of this complex process might produce even more effective treatment options.
MATERIALS AND METHODS

Animals
All animal handling and experimentation was performed in accordance with the NIH Guide for the Care and Use of Laboratory Animals and approved under institutional guidelines. 6-10-week-old Swiss Webster mice were purchased from Charles River (Wilmington, MA) and housed (five per cage) in temperature (22˚C) and humidity (50%) controlled rooms having a 12 h light and12 h dark cycle with food and water ad libitum.
Materials
Recombinant human ActA, mouse MCSF and mouse RANKL were purchased from R&D Systems (Minneapolis, MN). CMG 14-12 culture medium (equivalent to 100 ng/ml MCSF), the lentiviral construct for expression of recombinant MCSF (Takeshita et al., 2000) and a GFPactin lentiviral construct (Zou et al., 2010) were generous gifts from Steven Teitelbaum (Washington University, St. Louis, MO). Fetal bovine serum was purchased from Hy-Clone Laboratories, Inc. (Logan, UT), and culture medium (alpha-MEM) and additives were purchased from Gibco Life Technologies (Carlsbad, CA). Antibodies were against CatK (Abcam, Cambridge, MA # ab19027), cleaved caspase-3, P-SMAD2, P-AKT1, total AKT1, total IkBa (Cell Signaling Technology, Danvers, MA, catalog # 9664, 3101, 9271, 9272, 4812, respectively) and b-tubulin (Thermo Scientific, Rockford, IL, clone #TBN06). Secondary antibodies and Odyssey blocking buffer were purchased from LI-COR Biosciences (Lincoln, NE). Texas-Red Phalloidin and Prolong Gold Antifade with DAPI were purchased from Life Technologies (Carlsbad, CA). All nontissue culture and tissue culture plates and chamber slides were purchased from Thermo Fisher Scientific (Pittsburgh PA).
Murine bone marrow macrophages
Bone marrow and marrow-derived macrophages were derived as previously described (Gaddy-Kurten et al., 2002; Ye et al., 2011) . Briefly, the marrow cavities from femurs and tibias were flushed from mice with a-MEM containing 10% fetal bovine serum, antibiotics, and antimycotics (a-10 medium). Marrow cells from all mice were combined and homogenized gently with a 20 gauge needle fitted to a 10 ml syringe, then passed through a 70 mm cell strainer. Cells were then centrifuged and treated with red blood cell lysis buffer (eBioscience, San Diego, CA) for 5 minutes at room temperature, washed and centrifuged. Cells were re-suspended in fresh a-10 medium containing a 1/10th volume of CMG 14-12 culture medium (equivalent to 100 ng/ml MCSF) (Takeshita et al., 2000) and plated in 10 cm Petri-dishes at 1610 6 cells/dish. Cells were incubated at 37˚C in 5% CO 2 , 95% air for 3 days. Thereafter, the dishes were washed with PBS, and the adherent enriched population of mBMM cells were trypsinized and plated in BD Falcon tissue culture dishes to generate pre-OCLs and OCLs with 1/50th volume of CMG 14-12 culture supernatant and 50 ng/ml of recombinant mouse RANKL as previously described (Ye et al., 2011) .
MTT proliferation assay mBMMs were expanded in culture for 3 days prior to plating in 96-well culture dishes and cultured in either basal medium containing a 1/50th volume of CMG 14-12 culture supernatant to provide 20 ng/ml MCSF alone (Control), or also in the presence of RANKL (50 ng/ml), ActA (50 ng/ml) or RANKL plus ActA, and cells were cultured for 1-4 days. Cell proliferation was assessed using a Promega CellTiter-96 NonRadioactive MTT-based Cell proliferation assay (Thermo Fisher Scientific) according to the manufacturer's instructions. The colored Formazen product was detected at a wavelength of 570 nm in a 96-well plate spectrophotometer. For each day, the average absorbance from at least triplicate wells from duplicate experiments was normalized to the daily basal control absorbance value. Each data point represents the mean normalized value 6 s.d.
Time-lapse video imaging of pre-osteoclasts and osteoclasts on plastic
Live cell time-lapse video microscopy was performed as described previously (Ye et al., 2011) . Briefly, 1.5610 5 mBMMs were plated onto 35-mm culture dishes with CMG 14-12 culture medium (20 ng/ml MCSF) plus RANKL (100 ng/ml). The cells were imaged under phase contrast with a 106 objective lens with an Axiovert 100 M microscope fitted with a Zeiss Axiocam ICM1 camera, and images collected using Axiovision 4.8 imaging software at 60 images/hour with culture dishes stable at 37˚C and 5% CO 2 in air perfusion in a Live Cell Pathology incubator (Westminster, MD). To determine cell trajectories in phasecontrast images, the images were analyzed by NIH ImageJ software (Version 1.46f) with the MTrackJ Plugin. The center of each mononuclear cell nucleus was used as the point of tracking. For each treatment, the average cumulative track length was measured for ten individual cells per treatment, over five independent experiments (50 individual cells total). Overall distance traveled was measured by setting the starting point for each cell at 0,0 and measuring the distance in microns to the final position at the end of the video-microscopy period. The motility rate over the time of tracking was determined by measuring the distance traveled by each cell per minute over the entire videomicroscopy period.
Viral transduction and time-lapse video imaging of pre-osteoclasts and osteoclasts on bone slices Expanded populations of adherent mBMMs were transduced on day 3 in 10-cm Petri dishes with GFP-actin as previously described (Zhou et al., 2006) . Plat-E packaging cells were transiently transfected by calcium phosphate precipitation. Virus was collected 24 hours post-transfection and used to transduce mBMM for 24 hours in the presence of 100 ng/ml MCSF and 4 mg/ml polybrene (Sigma). Cells were selected for blastocidin resistance for 3 days and collected by trypsinization, concentrated in basal medium, and seeded onto sterile 1-mm thick bovine cortical slices (prepared as described below) in a 50 ml droplet containing 20,000 cells, and allowed to attach at 37˚C for 45 minutes.
Bovine cortical bone slices were prepared using a diamond-coated blade macro band saw from Exakt Technologies (Oklahoma City, OK) to generate 1-mm thick cross-sectional slices. Each slice was trimmed to an area of 464 mm, vigorously rinsed in PBS, followed by 100% ethanol prior to drying under UV light, and subsequently cultured with cells in 35-mm culture dishes. After cell attachment to the prepared bone slices, medium containing 1/50th volume of CMG 14-12 culture supernatant (20 ng/ml MCSF) and 50 ng/ml RANKL was added and cells were maintained at 37˚C in a 5% CO 2 , 95% air atmosphere for 8 days to generate multinucleated OCLs. Bovine cortical bone slices with GFPactin transduced cells in 35-mm dishes were imaged over 8 days. Prior to treatment initiation, maintenance medium was aspirated and medium containing 0.5% serum was added 3 hours prior to treatment and initiation of time-lapse video microscopy. Culture dishes were maintained at 37˚C in 5% CO 2 , 95% air, in a Live Cell Pathology incubator. Images were taken every minute for 2 hours. For each treatment, the average cumulative track length was measured using ImageJ for 10 individual cells per treatment, over two independent experiments (20 cells total). The overall distance traveled and motility rate were determined as described for cells on plastic.
Immunocytochemistry
Immunocytochemistry was used to determine the expression of cleaved caspase-3 in mBMM cells cultured on 8-well chamber slides for 5 days. After treatment, cells were washed with PBS, fixed with fresh 4% paraformaldehyde for 15 minutes at 4˚C then rinsed three times with PBS. Cells were then permeabilized with PBS with 0.02% Triton X-100 for 15 minutes prior to a 30-minute primary antibody rabbit serum block (1% in PBS), followed by addition of a rabbit anti-mouse cleaved caspase-3 (Asp175) primary antibody used at 1:400 in PBS. Cells were incubated with primary antibody in a humidified container at 4˚C overnight, followed by washing three times in PBS, incubation with a secondary antibody goat serum block (1%), and incubation for 30 minutes with a fluorescein goat anti-rabbit-IgG antibody used at 1:10,000 in PBS (Vector Labs), together with Texas-Red-conjugated phalloidin (1 mM in PBS) (Molecular Probes). Following incubation, cells were washed three times in PBS, and placed under coverslips using Prolong Gold Antifade with DAPI (Life Technologies). Cells were imaged using an EVOS-FL microscope [Advanced Microscopy Group (AMG) Bothell, WA] fitted with light cubes for GFP, DAPI and Texas Red. Each fluorochrome image was collected separately and then stacked using EVOS software. For quantification, light intensity settings were kept at a fixed value while manually counting the number of cells positive for cleaved caspase-3, or the number of multi-nucleated or mononuclear cells per well, from at least triplicate wells in three independent experiments.
CatK assay of osteoclasts cultured on bone powder
Pre-OCLs (adherent mBMMs resulting from 3 days expansion culture in Petri dishes) were seeded into 24-well tissue culture plates at a density of 4610 4 cells/well for 5 days with 1/50th volume of CMG 14-12 culture supernatant (20 ng/ml MCSF) and 50 ng/ml RANKL to stimulate differentiation into mature OCLs. On day 5, cells were stimulated with various treatments. Bovine bone powder generated at the bench top as a byproduct of cutting 1 mm cortical bone slices (described above) was collected, measured by weight, washed extensively with 70% ethanol, dried and resuspended with basal medium containing various treatments as indicated. After the indicated time points, conditioned medium was collected from each well and total cell protein extracts prepared by cell lysis, for 45 min at 4˚C, in modified RIPA buffer, followed by centrifugation at 13,000 g. Supernatants (50-200 mg) were fractionated on 8% SDS-PAGE and electrophoretically transferred onto nitrocellulose membranes. Membranes were blocked using Odyssey blocking buffer from LI-COR Biosciences (Lincoln, NE) containing 0.1% Tween 20 for 30 mins and subsequently incubated with primary anti-CatK antibody at 1:250 in Odyssey blocking buffer overnight at 4˚C. Blots were washed extensively with PBS, and incubated for 1 hour at room temperature with goat anti-rabbit-IgG conjugated to IRDye 800 CW from LI-COR Biosciences (Lincoln, NE) (1:40,000 dilution) in 5% milk in PBS. Blots were washed four times with PBS and imaged and quantified using the Odyssey LI-COR System according to the manufacturer's instructions. Blots were subsequently probed with an antibody against mouse b-tubulin (1:1000). Total cell lysate and conditioned medium CatK were specifically normalized to the amount of b-tubulin per lane.
Resorption pit analysis mBMMs were cultured for 5 days on dentine slices (Immunodiagnostic systems, Scottsdale, AZ) at a concentration of 1610 4 cells per well in a 96-well plate in aMEM in the presence of 1/50th volume of CMG 14-12 culture supernatant (20 ng/ml MCSF) and 50 ng/ml RANKL. Cells were treated on day 5 with MCSF alone or in combination with 50 ng/ml RANKL, 50 ng/ml ActA or both, and incubated for a further 24 hours before fixation with fresh 4% paraformaldehyde in PBS. Dentine slices were then stained for tartrate resistant acid phosphatase (TRAP) [Acid Phosphatase, Leukocyte (TRAP) Kit (Sigma)] and the number of TRAP+ multinucleated cells (TRAP+ MNCs) enumerated on each entire slice under light microscopy using a Nikon Eclipse E400. Cells were then removed with fresh 10% bleach solution in PBS incubation for 30 minutes with 1 minute of sonication (Elma Transsonic 570, 35 Hz). Bone resorption pit number and pit area per slice were analyzed using a light microscope (Nixon Eclipse E400) and quantified using Osteomeasure software (Osteometrics, Atlanta, GA).
Immunoblot analysis of P-SMAD2, AKT1 and IkBa Whole-cell protein extracts were prepared from day 2 BMM OCL precursors or day 5 BMM mature OCL using RIPA buffer, followed by centrifugation at 14,000 g. Supernatants (50 mg) were fractionated on 8% SDS-PAGE and electrophoretically transferred onto nitrocellulose membranes. Membranes were blocked using Odyssey blocking buffer from LI-COR Biosciences containing 0.1% Tween 20 for 30 minutes and subsequently incubated with primary antibody against phospho-SMAD2, total AKT1 or phospho-AKT1 (Ser473) as well as antibody against IkBa at 1:1000 in Odyssey blocking buffer overnight at 4˚C. Blots were washed extensively with PBS, and incubated for 1 hour at room temperature with goat anti rabbit IRDye 800 CW from LI-COR Biosciences (1:40,000 dilution) in 5% milk in PBS. Blots were washed four times with PBS and imaged and quantified using the Odyssey LI-COR System according to the manufacturer's instructions. IkBa blots were subsequently probed with an antibody against mouse b-tubulin (1:1000) as a lysate loading control for normalization of IkBa.
Statistics
Data were analyzed by one-way ANOVA to determine significant differences between means of multiple groups in given experiments. Post-hoc analyses with Tukey's were applied as indicated to determine which groups were significantly different from each other. P,0.05 was considered significant and is reported as such.
